Alterations in the fatty acid composition of myocardial phospholipids have been reported in various forms of cardiac pathology for >25 years, including human cardiomyopathies 6, 7 and animal models of pressure-overload hypertrophy, 7, 8 hypertensive heart disease, 7, 9 postinfarct remodeling, 10 diabetic cardiomyopathy, 11 and senescence. 12 Interestingly, despite distinct pathogeneses, genetic backgrounds, and biochemical techniques, the pattern of phospholipid remodeling has consistently manifested as a proportional loss of the essential polyunsaturated fatty acid (PUFA) linoleic acid (18:2n6; LA), often paralleled by reciprocal increases in long-chain highly unsaturated fatty acids, such as arachidonic acid (20:4n6; AA) and/or docosahexaenoic acid (22:6n3; DHA). Although several hypotheses have been proposed, the mechanism and pathophysiological relevance of this phenomenon have remained areas of speculation.
The present investigation explored the hypothesis that the redistribution of phospholipid PUFAs in the pressure-overloaded heart results from increased activity of δ-6 desaturase (D6D), the rate-limiting enzyme in the production of long-chain PUFAs such as AA and DHA from LA and α-linolenic acid (18:3n3), respectively 13 (Figure 1 ). Serum PUFA ratios reflective of systemic D6D hyperactivity have been reported in patients with hypertension 14, 15 and are highly predictive of overall cardiovascular mortality in humans. 16 However, no experimental studies have investigated the role of this enzyme in myocardial phospholipid remodeling or the pathogenesis of heart disease. Herein, we present the first comprehensive analysis of phospholipid composition in the failing human heart with and without mechanical unloading support and investigated the effects of chronic pharmacological D6D inhibition in rodent models of pressure-overload hypertrophy and hypertensive heart disease. These studies demonstrate a central role of D6D in myocardial phospholipid remodeling resulting from hemodynamic stress and reveal novel links between this process and disease progression at the molecular, organ, and systemic levels.
Methods

Human Heart Tissue
Left ventricular (LV) tissue was obtained by an institutional review board-approved protocol maintained by the University of Colorado Denver Cardiac Tissue Bank. Hearts donated for research purposes were obtained under written consent from family members of organ donors or by direct written consent from patients undergoing cardiac transplantation. Patient characteristics are presented in Table I in the Data Supplement.
Animal Models
Lean male spontaneously hypertensive HF (Mcc facp-/-) rats were obtained from a colony maintained at the University of Colorado. Spontaneously hypertensive HF rats that were selected for these studies were based on their well-characterized development of progressive hypertensive cardiomyopathy that shares many of the hallmark biochemical and pathophysiological features of dilated cardiomyopathy (DCM) in humans. 17 Two cohorts of animals were studied: (1) at 21 to 22 months of age when rats exhibit pathological cardiac hypertrophy progressing toward dilated HF and (2) after thoracic aortic banding at 3 months of age to induce hemodynamic stress and pathological hypertrophy in the absence of age-related pathology (transverse aortic constriction [TAC]). 7 Cohorts of HF and TAC (2 weeks after surgery) animals were each divided and matched on echocardiography parameters before being semirandomly assigned to receive the D6D inhibitor (SC-26196 [SC]) or no drug for 4 weeks. The effect of D6D inhibition was also examined in 3-monthold spontaneously hypertensive HF rats exposed to a sham TAC surgery (Sham) that were followed along with TAC groups for 4 weeks as an experimental control. All animals were provided Purina 5001 chow and water ad libitum for the duration of the study. At the conclusion of the study, animals were euthanized with a lethal dose of sodium pentobarbital (150 mg/kg IP) followed by midline thoracotomy and removal of the heart. All procedures were approved by the Animal Care and Use Committee at Colorado State University and/or University of Colorado Boulder in strict compliance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (National Institutes of Health Publication No. 85-23, revised 1996).
Inhibition of D6D In Vivo
Rats were administered the potent, orally active D6D inhibitor SC (a gift from Dr Mark Obukowicz, Pfizer Corporation) at a dose previously reported to inhibit D6D enzyme activity selectively with no effect on other desaturase enzymes in rodents in vivo (100 mg/kg per day mixed in chow for 4 weeks), based on daily food consumption records taken >3 to 4 weeks before treatment. 18
Echocardiography and Blood Pressure
Transthoracic echocardiography was performed under light isoflurane anesthesia before and after the 4-week experimental period using a 12-MHz pediatric transducer connected to a Hewlett Packard Sonos 5500 Ultrasound as previously described. 19 Tail cuff blood pressure measurements were obtained in the Sham and HF groups using the Kent Coda 6 system (Kent Scientific, Torrington, CT) in lightly isoflurane-anesthetized rats.
Lipid Analyses
See the Expanded Methods in the Data Supplement for a detailed description of lipid analyses. Briefly, phospholipids were extracted by thin layer chromatography (total) or liquid chromatography (individual species) for compositional analysis by gas chromatography (fatty acid composition) or electrospray ionization mass spectrometry Figure 1 . Central role of δ-6 desaturase (D6D) in polyunsaturated fatty acid (PUFA) metabolism. A, D6D catalyzes rate-limiting steps in the production of long-chain PUFAs from linoleic (18:2n6; LA) and α-linolenic (18:3n3; ALA) acids obtained in the diet. Fatty acid nomenclature: C:XnY, where C is the number of carbons, X is the number of double bonds, and Y is the location of first double bond from the omega carbon. Double arrows indicate additional reactions catalyzed by elongase enzymes (E), D5D, and peroxisomal fatty acid β-oxidation (βOx). LA, arachidonic acid (AA), and docosahexaenoic acid (DHA; shaded) are the only PUFAs that readily accumulate in cardiac phospholipids to >2% of total fatty acids in humans and rats. Underscored fatty acids are D6D products or substrates routinely used to estimate chronic enzyme activity in tissues. AA serves as the substrate for multiple lipoxygenase (LO) and cyclooxygenase (COX) enzymes or may be nonenzymatically oxidized by reactive oxygen species (ROS), generating an array of bioactive eicosanoid species. EPA indicates eicosapentaenoic acid; HETE, hydroxyeicosatetraenoic acid; IsoPs, isoprostanes; LT, leukotrienes; PG, prostaglandin; and TXA 2 , thromboxane A 2 .
(cardiolipin molecular species). 9 Myocardial contents of free AA and eicosanoid species were quantified in lipid extracts obtained from 50 mg of LV tissue by LC/MS/MS methods using deuterated standards as previously described. 20
Mitochondrial Isolation and Respiratory Function
Mitochondria were freshly isolated from ≈300 mg of LV tissue by differential centrifugation in the absence of proteases and assayed for respiratory function using a Clark-type electrode system (Strathkelvin) with pyruvate+malate as substrates as previously described. 19 
Biochemical Analyses
Immunoblotting was performed by standard methods using commercially available antibodies. Serum glucose and free fatty acids were determined by colorimetric assays (Biovision). Caspase activities were determined in 30 mg of LV homogenates by luminescence assay (Promega). Myocardial hydroxyproline was quantitated as a marker of collagen (fibrosis) in 30 to 40 mg of septal tissue by the colorimetric assay of Switzer and Summer. 21 Serum cytokines were determined in 80 μL of sample by ELISA cytokine array (Raybiotech). Quantitative real-time polymerase chain reaction was performed using 2X SYBR Green quantitative polymerase chain reaction Master Mix and validated gene-specific primers (listed in Table II in the Data Supplement) with resulting data normalized to 18S rRNA and analyzed according to the comparative (ΔΔCt) Ct method.
Statistical Analyses
All data are presented as group mean±SE. Human heart data were compared by 1-way ANOVA with Tukey HSD tests post hoc when appropriate. Data from the animal studies were analyzed by separate 2 (condition) X 2 (drug) ANOVAs for determination of main and interaction effects of SC treatment and TAC or HF versus Sham cohorts, followed by Dunnett test for comparison of group means versus Sham control. Mean differences between SC-treated and untreated groups were compared by independent sample t tests to examine a priori hypothesized effects of D6D inhibition within each condition. Pre-to post-treatment differences in echocardiography parameters were examined by paired t tests for each condition cohort. Pearson correlations were calculated to determine the associations between phospholipid fatty acid composition and lipid peroxidation adducts. All reported P values are 2 sided. Statistical significance was established at P<0.05, using SPSS 21 version software (IBM) for all analyses.
Results
Phospholipid Indices of D6D Activity Are Elevated in the Failing Human Heart and Are Reversed by Mechanical Unloading
In the absence of dietary supplementation, desaturation and elongation of LA and α-linolenic acid provide the majority of long-chain PUFAs present in mammalian tissues. The most abundant of these are AA and DHA, which along with LA account for >90% of PUFAs in membrane phospholipids, their primary site of incorporation. D6D catalyzes rate-limiting steps in this pathway ( Figure 1 ); therefore, changes in specific tissue phospholipid PUFA product/precursor ratios (eg, AA/LA, 20:3n6/LA and DHA/22:5n3) reflect chronic changes in D6D activity in vivo. 16 Reduced levels of cardiolipin molecular species normally enriched with LA acyl chains have been reported in hearts explanted from patients with dilated and ischemic cardiomyopathies. 6, 7 However, whether these changes occur in other phospholipid classes or are reflective of a global redistribution of PUFAs in the total myocardial phospholipid pool was not addressed. Therefore, we performed a detailed compositional analysis of myocardial phospholipids from patients with DCM (n=8) with or without mechanical unloading with a LV assist device for ≥4 months before explant (n=4; Figure 2 ).
Patient characteristics are presented in Table I in the Data Supplement. Hearts from patients with DCM exhibited markedly lower proportions of total phospholipid LA, with correspondingly higher levels of AA, DHA, and PUFA product/precursor ratios reflective of D6D hyperactivity, when compared with donor hearts from age-matched individuals with no cardiac pathology (nonfailing; n=8). Comparatively minor differences were seen in saturated and monounsaturated fatty acid species ( Figure Chronic LV assist device support was associated with significantly higher phospholipid LA levels and reduced AA, DHA, and D6D product/precursor ratios when compared with DCM. Compositional analysis of the 3 major phospholipid species present in the mammalian heart, phosphatidylcholine, phosphatidylethanolamine, and cardiolipin revealed similar patterns of fatty acid redistribution observed in total phospholipids, although the magnitude of changes and relative abundance of individual fatty acids varied considerably between classes ( Figure I in the Data Supplement).
D6D Inhibition Reverses Phospholipid PUFA Remodeling in TAC and HF Groups
As seen in patients with DCM, hearts from both TAC and HF animals exhibited markedly lower phospholipid LA content, with corresponding elevations in AA, DHA, and D6D product/ precursor ratios in total myocardial phospholipids when compared with Sham controls ( Figure 3A and 3B). Chronic administration of the D6D inhibitor ameliorated these effects of TAC and HF, bringing total phospholipid LA, AA, DHA, and D6D activity indices to near Sham control levels. Despite intrinsic differences in baseline fatty acid composition, similar patterns of PUFA redistribution were seen within individual phospholipid classes in both models that were reversed by D6D inhibition ( Figure II in the Data Supplement). Interestingly, only minor effects of D6D inhibition were seen on phospholipid PUFA composition in the Sham rats, suggesting that basal levels of PUFAs in membranes are highly defended, perhaps aided by an incomplete inhibition of D6D enzymatic activity in vivo (for a 24-hour period) and/or trace amounts of AA and DHA present in rodent chow (Purina 5001).
D6D Inhibition Normalizes the Cardiolipin Molecular Species Profile in Mitochondria
Alterations in the highly regulated fatty acid composition of cardiolipin may have particular relevance in cardiac pathologies. 22 Therefore, cardiolipin molecular species were also examined in cardiac mitochondria isolated from animals in this study. As previously reported, 7 a marked loss of the predominant tetra-linoleoyl species (L 4 CL) was seen in TAC and HF mitochondria, which corresponded to elevations in species containing AA and/or DHA (HUFA [CL]), without any . D6D inhibition completely normalized the cardiolipin molecular species profile in TAC and HF, restoring L 4 CL and reducing highly unsaturated fatty acid (cardiolipin) species to Sham control levels in both groups. These data provide novel evidence for a central role of LA desaturation and/or endogenous highly unsaturated fatty acid production in modulating cardiolipin composition in the hypertrophied and failing heart.
Myocardial Free AA and Eicosanoid Contents
Once liberated from phospholipids by phospholipase enzymes, AA can serve as a substrate for multiple oxygenase enzymes and nonenzymatic oxidation pathways capable of generating a host of bioactive eicosanoid species with complex effects on inflammatory, cardiovascular, and transcriptional regulation. 23, 24 Both TAC and HF groups elicited significant increases in free AA and several eicosanoid species in the heart, all of which were reduced to near control levels with D6D inhibition ( Figure 3D ). Particularly significant changes were seen in 12and 15-hydroxyeicosatetraenoic acid, thromboxane A 2 (TXA 2 ), and isoprostanes, which are formed via 12-/15-lipoxygenase, cyclooxygenase-2, and the nonenzymatic peroxidation of AA by reactive oxygen species, respectively.
Serum and Hepatic Phospholipids, Circulating Cytokines, and Animal Characteristics
Analysis of total serum and liver phospholipids revealed similar patterns of PUFA distribution seen in cardiac phospholipids in TAC and HF groups ( Figure II in the Data Supplement), suggesting that myocardial changes may be reflective of elevated systemic (eg, hepatic) D6D activity. No significant effects of D6D inhibition were observed on body weight, serum glucose, free fatty acids, or blood pressure in any of the groups (Table) . However, significant elevations in serum interferon-γ and serum monocyte chemotactic protein-1 in TAC and HF groups were attenuated with SC treatment, consistent with an anti-inflammatory effect of D6D inhibition. 18
D6D Inhibition Attenuates Maladaptive Cardiac Remodeling and Contractile Dysfunction
Echocardiography performed before and after the 4-week experimental period revealed significant progression of LV dilatation and contractile dysfunction in the untreated TAC and HF animals that were significantly attenuated or reversed by D6D inhibition ( Figure 4A and 4B) . These improvements corresponded to lower final heart weights in the treated TAC and HF rats when compared with untreated animals and a trend for lower wet lung weights suggestive of reduced pulmonary congestion ( Figure 4C ; Table III in the Data Supplement) . Notably, a mild degree of cardiac hypertrophy and reduced fractional shortening is evident in the Sham spontaneously hypertensive HF rats when compared with other rat strains at this age 7,17 that was unaffected by D6D inhibition, indicating that this treatment attenuates the progression of more marked pathological remodeling and dysfunction seen after chronic hemodynamic stress. Myocardial fibrosis, assessed by tissue hydroxyproline content, was also reduced by D6D inhibition in TAC and HF rats ( Figure 5B ), which paralleled histological evidence of reduced interstitial and perivascular collagen deposition ( Figure 5B ; Figure VII in the Data Supplement). TAC and HF significantly increased mRNA expression of atrial natriuretic peptide and myocardial extracellular-regulated activated kinase 1/2 phosphorylation when compared with Sham controls, which was largely prevented by D6D inhibition treatment in both models ( Figure 5C and 5D ). TAC cohorts, and to a lesser extent HF, were both associated with myocardial activation of nuclear factor κ B (NFκB), indicated by degradation of its endogenous inhibitory regulator I κBα, which was significantly attenuated in TAC rats but not in HF rats ( Figure 5E ).
Cardiac Mitochondrial Respiration and Caspase Activities
Reduced capacity and efficiency of oxidative phosphorylation in cardiac mitochondria may impair myocardial bioenergetics, thereby contributing to the development and progression of HF. 4 However, TAC rats had no effect on mitochondrial state 3 (ADP phosphorylating) or state 4 (uncoupled) respiration in the presence or in the absence of D6D inhibition ( Figure 6A ). Conversely, HF cohorts were associated with depressed state 3 respiration, respiratory control ratio, and oxidative phosphorylation efficiency (ADP/O ratio) when compared with TAC rats and Sham controls. D6D inhibition decreased state 4 respiration and restored respiratory control ratio and ADP/O to near Sham control levels in HF mitochondria but had no effect on state 3 respiration. Immunoblotting of mitochondrial proteins for respiratory complex subunits revealed a deficiency in complexes 1 and 2 in HF consistent with reduced respiratory capacity in this group ( Figure 6B) , which was similarly unaffected by D6D inhibition. Activities of capase-9 and caspase-3/7 were elevated in myocardial tissue from TAC and HF rats when compared with Sham controls ( Figure 6C ). Treatment with SC significantly attenuated caspase activities in TAC cohorts but had no effect in HF cohorts.
D6D Inhibition Reduces Cardiac Lipoxidative Stress
Aldehyde products of PUFA peroxidation, such as malondialdehyde and 4-hydroxynonenal, are common markers of oxidative stress that correlate closely with the incidence and severity of HF in humans. 25 The peroxidizability of PUFAs increases exponentially with their double-bond content 26 ; therefore, the calculated cardiac membrane peroxidizability index increased significantly in TAC and HF groups and was normalized to Sham levels by D6D inhibition ( Figure 7A ). Consistent with this observation, malondialdehyde-and hydroxynonenal-protein adducts were elevated in TAC and HF hearts and were significantly reduced by D6D inhibition ( Figure 7B ). Myocardial malondialdehyde levels correlated positively with the relative proportion of DHA in myocardial phospholipids across the experimental groups, whereas a strong negative correlation was seen between hydroxynonenal and phospholipid LA ( Figure 7C ). D6D inhibition also tended to decrease myocardial superoxide dismutase and glutathione peroxidase enzyme contents ( Figure 7D ), collectively suggesting a decrease in myocardial oxidative stress.
Cardiac and Hepatic D6D Expression
Although our lipid analyses support a central role of D6D in myocardial phospholipid remodeling associated with pressure overload, the mechanism driving D6D activity in response to hemodynamic stress is less clear. Expression of D6D is low in the heart, and while detectable, we found no evidence of upregulation at the protein or mRNA levels or any significant changes in expression of downstream elongation/desaturation 
Discussion
The present study demonstrates a pivotal role of essential fatty acid metabolism through D6D in generating the signature pattern of phospholipid PUFA redistribution associated with cardiac pathology in multiple experimental models, and show that it is closely linked to hemodynamic stress in the failing human heart. The remarkable phenotypic effects of D6D inhibition in TAC and HF animals highlight the pathophysiological importance of this process and provide novel insight into the mechanisms responsible for maladaptive remodeling and contractile dysfunction in the pressure-overloaded myocardium. Although previous studies have associated serum markers of D6D activity with coronary artery disease risk and inflammation, 16, 27 the present study is the first to demonstrate a role for this enzyme in regulating myocardial membrane composition and responses to pathological stress. The proportional loss of phospholipid LA is the most marked and consistent manifestation of membrane remodeling associated with cardiac overload across species, tissues, and phospholipid classes observed herein and in previous studies. The reversibility of this effect by D6D inhibition implicates the conversion of LA into downstream PUFA desaturation/elongation products, the most prominent being AA. However, reciprocal increases in phospholipid AA were not seen to the same magnitude as LA losses in the present study. Importantly, PUFAs must be hydrolyzed from phospholipids by phospholipase A 2 enzymes to react with desaturation/elongation enzymes, and are subsequently re-esterified into phospholipids by acyltransferase enzymes with varying substrate specificities. 28 Similarly, AA is cleaved from myocardial phospholipids by phospholipase A 2 enzymes for subsequent metabolism as free AA by cyclooxygenase, lipoxygenase, or cytochrome P450 monooxygenase enzymes, 23 generating a host of eicosanoid species with diverse biological effects. 24 Myocardial phospholipase A 2 activity is elevated in states of pathological stress, including HF, 29 and upregulation of myocardial cyclooxygenase 30 and 12/15-lipoxygenase 31, 32 pathways have been implicated in the pathogenesis of cardiomyopathy. Therefore, D6D-dependent increases in myocardial levels of free AA and its eicosanoid derivatives observed in TAC and HF animals may have contributed to maladaptive remodeling in these cohorts.
Several lines of evidence implicate myocardial AA-derived eicosanoids in the development of cardiac fibrosis and failure. Among these, the pathogenic roles of TXA 2 and 12-/15-hydroxyeicosatetraenoic acid have been established through the development of transgenic mice with cardiomyocyte-specific overexpression of cyclooxygenase-2 30 and 12/15-lipoxygenase, 31 respectively; both of which develop marked cardiac fibrosis, hypertrophy, and contractile dysfunction. Myocardial AA promotes extracellular receptor kinase signaling and cardiac hypertrophy via activation of specific intracellular G-protein-coupled receptors by TXA 2 and reactive oxygen species-derived isoprostanes in cardiomyocytes. 33, 34 Overproduction of 12-hydroxyeicosatetraenoic acid also increases extracellular receptor kinase activity, hypertrophy, and fibronectin content in cardiac fibroblasts, 32 suggesting a potential role in myocardial fibrosis. Therefore, D6D inhibition might have attenuated maladaptive remodeling by reducing extracellular receptor kinase signaling by multiple AA-derived eicosanoid species. Eicosanoids also serve as potent initiators and propagators of inflammatory signaling, many of which converge on the NFκB pathway. 35 Cardiomyocyte NFκB signaling has been implicated in the pathogenesis of cardiac hypertrophy and failure 36 and has been associated with cyclooxygenase-2 induction in the failing human heart. 37 D6D inhibition tended to attenuate NFκB activation in TAC groups in the present study, but had no effect in HF groups. This is consistent with clinical evidence for a greater degree of inflammation associated with compensatory hypertrophy during early aortic stenosis when compared with decompensated HF groups. 38 Therefore, NFκB may mediate temporal and model-specific effects that are differentially modulated by altered myocardial eicosanoid levels and membrane PUFA composition.
In addition to its suppression of free AA and eicosanoid levels, D6D inhibition reversed several significant changes in the fatty acid composition of individual phospholipid classes that could have altered functional properties of membranes in which they reside. Although a comprehensive evaluation of these is beyond the scope of this investigation, the reversal of PUFA remodeling in cardiolipin is particularly relevant and warrants further discussion.
Cardiolipin is a dimeric tetra-acyl phospholipid found exclusively in mitochondria, where it provides critical structural and functional support to proteins involved in oxidative phosphorylation and regulates apoptotic signaling by binding cytochrome c to the inner mitochondrial membrane. 22, 39 The majority of cardiolipin molecular species in the healthy mammalian heart contain 4 LA acyl chains (L 4 CL). Several studies report that this LA enrichment is lost in states of cardiac pathology, which has been suggested as a potential contributor to mitochondrial dysfunction and disease progression. 22 It is well established that the compositional uniformity of cardiolipin results from a series of deacylation/reacylation reactions after de novo biosynthesis in mitochondria. At least 3 enzymes have been identified that are capable of catalyzing these reactions; however, none has exhibited the anticipated specificity for LA acyl chains that predominate in the mammalian heart. 39 It was recently suggested that the LA enrichment may arise from an enzymatic equilibrium distribution of fatty acids exchanged between multiple phospholipid species. 40 Our data are consistent with this hypothesis, demonstrating that changes in cardiolipin composition coincide with changes in phosphatidylcholine, phosphatidylethanolamine, and total phospholipid fractions reflective of a global redistribution of membrane PUFAs. Notwithstanding changes in specific acyltransferase enzymes implicated in aberrant cardiolipin remodeling 41 ; our findings indicate that the loss of L 4 CL in the pressure overloaded and failing heart results from increased flux of PUFAs through D6D and downstream elongation/desaturation enzymes in the heart and/or liver. This ultimately reduces the bioavailability of phospholipid LA for cardiolipin remodeling in the heart, favoring an exchange of LA for long-chain PUFA products of this pathway (ie, AA and DHA). Reduced capacity and efficiency of oxidative phosphorylation in cardiac mitochondria may contribute to the development and progression of HF, and aberrant cardiolipin remodeling has been postulated as a mechanism for these defects. 7, 19 However, despite a significant loss of L 4 CL, TAC had no effect on mitochondrial respiratory function in the presence or in the absence of D6D inhibition. Impaired oxidative phosphorylation capacity was seen in HF mitochondria, but this was unaffected by D6D inhibition and may have resulted from the loss of complexes 1 and 2 that deliver reducing equivalents to respiratory chain. Reductions in oxidative phosphorylation efficiency may also contribute to cardiac dysfunction in HF. 42 Therefore, increases in respiratory control ratio and ADP/O with D6D inhibition, although relatively modest, could have contributed to improvements in cardiac function observed in HF groups. Taken together, these findings indicate that the LA enrichment of cardiolipin, at least within the range observed in these studies, does not significantly influence the oxidative phosphorylation capacity of cardiac mitochondria but may support efficient respiratory coupling. The observed dissociation of mitochondrial respiratory parameters from changes in cardiolipin composition and cardiac function in TAC and HF groups further argues against their direct relationship in these models.
Apoptotic loss of cardiomyocytes during maladaptive cardiac remodeling may hasten the progression of pathological hypertrophy to decompensated failure. 5 Myocardial activities of capase-9 and caspase-3/7 were elevated in both TAC and HF groups but were only attenuated by D6D inhibition in TAC groups. This model-specific effect argues against an independent effect of PUFA metabolism or phospholipid (ie, cardiolipin) remodeling on myocardial apoptotic signaling in vivo but parallels the pattern of myocardial NFκB activation seen in these animals. This is consistent with evidence linking NFκB activity and apoptotic signaling in the pressure-overloaded failing heart. 43 However, the extent to which caspase activities reflect cumulative apoptotic myocyte loss that contributed to the observed changes in cardiac structure and function is unclear. Nevertheless, the absence of changes in caspase activities in HF, despite marked improvements in cardiac structure and function with D6D inhibition, suggests that mechanisms other than apoptotic signaling mediate the pathogenic effects of phospholipid remodeling in this model.
Membrane PUFAs are a primary target of reactive oxygen species, which react with hydrogens in methylene groups adjacent to their double bonds, triggering an autocatalytic series of oxidation events leading to chain breaks and reactive aldehyde formation. Serum levels of lipid peroxidation products, such as malondialdehyde, are positively associated with New York Heart Association clinical class in patients with HF, 25 suggesting that this process may be of prognostic importance. The susceptibility of PUFAs to peroxidation increases exponentially with double-bond content 26 ; therefore, modification of membrane PUFA composition could influence the extent of aldehyde formation in states of oxidative stress. Consistent with this hypothesis, D6D inhibition significantly attenuated increases in myocardial malondialdehyde-and hydroxynonenal-protein adducts in TAC and HF groups, which correlated closely with changes in phospholipid DHA and LA levels, respectively. Interestingly, although D6D inhibition completely abolished increases in myocardial malondialdehyde in both models, it led to significant, but less robust reductions in hydroxynonenal. Malondialdehyde and hydroxynonenal are typically used interchangeably as markers of oxidative stress in tissues; however, they differ with regard to their origin and cellular toxicities. Malondialdehyde is formed primarily from the autocatalytic peroxidation of DHA and during TXA 2 synthesis, and is thought to be toxic primarily by forming mutagenic DNA-adducts. 44 Hydroxynonenal is derived from the peroxidation of n6 PUFAs, primarily AA, and exerts its pathological effects by cross-linking proteins and promoting inflammatory and fibrogenic signaling. 45 Relatively minor changes in phospholipid AA and the large increases in LA might explain the less pronounced decreases in hydroxynonenal with D6D inhibition, whereas dramatic changes in DHA and TXA 2 parallel similar changes in malondialdehyde. Therefore, modulation of membrane PUFA content and composition seem to strongly influence the extent and pattern of lipid aldehyde species that accumulate in the heart during states of oxidative stress.
In summary, our studies demonstrate a central role of essential fatty acid metabolism through D6D in generating the signature pattern of PUFA redistribution in myocardial phospholipids widely reported in cardiac pathologies, and suggests important pathophysiological consequences of this phenomenon in HF. Although precisely defining how cardiac and hepatic lipid metabolism interact to influence myocardial membrane composition and disease progression in hypertensive heart disease will require further investigation, a primary pathogenic effect of this process may be an increase in myocardial free AA, favoring production of multiple eicosanoid species implicated in hypertrophic and fibrotic remodeling. An exchange of membrane LA for highly unsaturated AA and DHA may also promote lipid peroxidation and alter critical membrane-dependent processes, such as the efficiency of oxidative phosphorylation and perhaps others not evaluated herein. The observed model-specific effects of D6D inhibition on mitochondrial respiration, NFκB, and apoptotic signaling, despite eliciting consistent benefits on cardiac structure and function, argue against primary roles of these systems in mediating the pathogenic effects of phospholipid remodeling in HF. Similar patterns of PUFA redistribution observed in myocardial and serum phospholipids highlight the potential prognostic value of serum D6D activity ratios associated with hypertension and cardiovascular morality in the epidemiological literature. 14, 16 In conclusion, targeting the D6D pathway may represent an integrative new approach to the study and treatment of HF and perhaps other pathologies associated with this signature pattern of phospholipid PUFA remodeling.
